The half-lives of 20 neutron-rich nuclei with Z ¼ 27-30 have been measured at the RIBF, including five new half-lives of 76 Coð21.7 þ6.5 −4.9 msÞ, 77 Coð13.0 þ7.2 −4.3 msÞ, 79 Nið43.0 þ8.6 −7.5 msÞ, 80 Nið23.9 þ26.0 −17.2 msÞ, and 81 Cuð73.2 AE 6.8 msÞ. In addition, the half-lives of 73-75 Co, [74] [75] [76] [77] [78] Ni, 78-80 Cu, and 80-82 Zn were determined with higher precision than previous works. Based on these new results, a systematic study of the β-decay half-lives has been carried out, which suggests a sizable magicity for both the proton number Z ¼ 28 and the neutron number N ¼ 50 in 78 Ni. DOI Atomic nuclei are quantum many-body systems consisting of two distinct types of fermions-protons and neutrons. Analogous to atomic physics, the concept of nuclear shell structure was triggered by the discovery of particularly stable nuclei with specific numbers of proton and neutron, such as 2, 8, 20, 28, 50, 82, and 126 along the β-stability line [1] . By assuming a strong spin-orbit interaction within a mean field potential, these magic numbers were correctly interpreted and regarded to be immutable throughout the nuclear chart [2, 3] . However, with the development of experimental techniques exploiting radioactive ion beams, many nuclei with extreme neutron-to-proton ratios (N=Z), so-called exotic nuclei, have been produced and studied in the last few decades.
The results obtained heretofore have demonstrated that the shell structure established for nuclei near the β-stability line may change drastically in these exotic nuclei. For instance, classical magic numbers in 12 Be (N ¼ 8), 32 Mg (N ¼ 20), and 42 Si (N ¼ 28) were found to disappear [4] [5] [6] , whereas new magic numbers emerged in 24 O (N ¼ 16) and 54 Ca (N ¼ 34) [7] [8] [9] . To address the origins of shell evolution in heavier mass regions, it is of particular interest to investigate the properties of nuclei in the vicinity of 78 Ni, which has the proton number Z ¼ 28 and the neutron number N ¼ 50 with a large neutron excess N=Z ≈ 1.8.
To study the shell evolution around 78 Ni, many experimental efforts have been made. One of the interesting phenomena related to the proton Z ¼ 28 shell gap is the monopole migration in Cu isotopes. A sudden drop of the excited 5=2 − state relative to the ground 3=2 − state was observed in 71;73 Cu [10, 11] . These two states are characterized by a single-particle nature [12] and their order was found to be transposed in 75 Cu compared with 71;73 Cu [13] . This phenomenon can be understood in terms of a strong tensor interaction, which is attractive between the neutron νg 9=2 single-particle orbit (SPO) and proton πf 5=2 SPO and repulsive between the νg 9=2 and πf 7=2 SPOs [14] . The overall effect is to reduce the proton Z ¼ 28 energy gap between the πf 7=2 and πf 5=2 SPOs when neutrons start filling the νg 9=2 SPO and reach its maximum at N ¼ 50, leading to a quenched Z ¼ 28 shell gap in 78 Ni [15] . Conversely, the evolution of the neutron N ¼ 50 shell closure has been established down to Z ¼ 30 by nuclear mass measurements. The corresponding two-neutron separation energies show a decreasing N ¼ 50 shell gap from Z ¼ 40 to Z ¼ 32 and a subsequent increase in Z ¼ 30; 31 [16, 17] . If the increasing trend observed below Z ¼ 32 was retained, an enhanced N ¼ 50 shell-gap energy relative to neighboring isotopic chains is expected at Z ¼ 28, forming a robust neutron shell closure in 78 Ni [16, 18] . Despite these extensive studies, the doubly magic character of 78 Ni has not been verified experimentally, especially for the proton shell magicity in 78 Ni.
Besides the excitation energies and nuclear masses, it is also possible to infer the presence of shell gaps solely from β-decay half-lives [19] . The first half-life measurement for 78 Ni was performed in 2005 [20] , and several half-lives have been reported on the lower N=Z side of 78 Ni [21] [22] [23] [24] [25] . This Letter presents new half-lives beyond 78 Ni: 76;77 Co, 79;80 Ni, and 81 Cu. In addition, the half-lives of 72-75 Co, 74-78 Ni, 78-80 Cu, and 80−82 Zn were remeasured to a higher precision than in previous works.
The experiment was performed at the RIBF facility in RIKEN. A high-intensity 238 U beam was accelerated up to an energy of 345A MeV by the RIKEN cyclotron accelerator complex before impinging on a 3-mm-thick beryllium target to produce secondary beams via in-flight fission. The 238 U 86þ beam was delivered at an average current of 5 pnA at the production target position. The fission products were separated based on their momenta and mass-to-charge ratios (A=Q) by the first stage of BigRIPS in conjunction with a 6-mm-thick Al achromatic energy degrader placed at the dispersive focal plane [26] . Then, an event-by-event particle identification (PID) was carried out via the ΔE-Bρ-TOF method, in which the energy loss, the magnetic rigidity, and the time of flight were measured using the combination of the second stage of BigRIPS and the ZeroDegree Spectrometer (ZDS), giving Z and A=Q information for all the fragments passing through the beam line [27] . The resultant PID plot is presented in Fig. 1 . During the 13 days of beam time, about 1.2 × 10 4 78 Ni nuclei were identified and delivered to the experimental decay station at the end of the ZDS. The highly segmented beam stopper, wide-range active silicon strip stopper array for beta and ion detection (WAS3ABi), was composed of eight double-sided silicon strip detectors and dedicated to the implantation of heavy ions and the detection of their β-decay electrons [29] . Each silicon detector had a 1 mm thickness and an active area of 60 × 40 mm 2 , which was segmented into 60 strips horizontally and 40 strips vertically. The γ-ray detector, EUROBALL-RIKEN Cluster Array (EURICA) [30, 31] , was mounted surrounding WAS3ABi to detect β-delayed γ rays as well as γ rays emitted by implanted isomers.
Decay events were associated to heavy-ion implantations based on position and time information from the active stopper, and decay curves of different nuclei were constructed as a time difference between implantation and correlated β decays. The half-lives of 77 Co, 79;80 Ni, and 81 Cu were deduced by fitting the decay curves with an unbinned maximum likelihood (MLH) method, which accounted for the activities of parent, daughter, and granddaughter nuclei including β-delayed neutron-emission (βn) channels. Half-lives of decay products and known βn probabilities (P n ) were taken from literature, whereas experimentally unknown P n values were estimated by comprehensively considering the global calculations of Möller et al. [32] and Borzov [33] together with a conservative AE25% uncertainty. The systematic errors introduced by P n values and known half-lives were combined with the statistical error, for which the statistical error was the predominant contribution to the total experimental uncertainty of this work. An example of the MLH fitting analysis, including the constructed decay curve and fitting function, is presented for 79 Ni in Fig. 2 . In contrast, the β-electron detections in coincidence with the γ decays in daughter nuclei were carried out for the nuclei 72-76 Co, 74-78 Ni, 78-80 Cu, and 80-82 Zn to determine half-lives from decay curves including solely the activities of parent nuclei. A detailed description of the analysis procedure can be found in Ref. [34] . The half-lives T exp 1=2 obtained in the present work are listed in Table I and compared with literature values T lit 1=2 . It is noted that most of the half-lives deduced in this work are in good agreement with literature values except for 72 Co and 82 Zn, which deviate more than AE2σ from the previous measurements [24, 35] . Figure 3 shows the systematic trend of β-decay half-lives for the nuclei around 78 Ni as a function of neutron number. As discussed in Ref. [36] , when β-decay Q β values are sufficiently large, the half-life is dominated by a fifth-power dependence on Q β . In this case, a linear relationship between the log 10 T 1=2 and the neutron number of the parent nucleus is expected phenomenologically when Q β evolves smoothly in an isotopic chain. Experimentally, this linearity clearly emerges in Fig. 3 below N ¼ 50. Beyond that, a sudden reduction manifests in the Z ¼ 28 isotopic chain due to the shorter half-lives of 79;80 Ni with reference to the systematics at N ≤ 50. Since no strong deformation and shape transition were expected in this region, the fast β-decay processes in 79;80 Ni could be attributed to the first neutron outside the N ¼ 50 shell as follows. If a large shell gap existed, the neutron outside the shell can dramatically increase the Q β values and β-decay rates of 79;80 Ni compared to that of 78 Ni, even though the possible decay channels such as νd 5=2 → πf 5=2 or νs 1=2 → πp 3=2;1=2 belong to first-forbidden (FF) transitions. Note that this sudden shortening of the half-lives beyond N ¼ 50 is not clearly observed in the Zn and Ga isotopic chains, and the kink shown by the half-lives of 78-81 Cu is much weaker than that in the Ni isotopes. Since the Q β variation crossing the N ¼ 50 shell is determined by the strength of the neutron shell gap, the stronger kink shown in the Ni isotopic chain is in compliance with the predicted enhancement of the N ¼ 50 shell at Z ¼ 28: although the calculated neutron shell-gap energies diverge from 2 to 7 MeV in Refs. [21, 23, 24, 35] . The systematic trends in different isotopic chains are highlighted by lines connecting the data points with a smaller uncertainty.
78 Ni, most of the models included in Fig. 4 of Ref. [16] give a consistent prediction that this neutron shell gap at Z ¼ 28 is stronger than that at 29 ≤ Z ≤ 32. Moreover, the 3.5 MeV gap measured at 80 Zn was best reproduced by the finite range liquid drop model (FRDM), which suggested a neutron shell gap over 4.5 MeV in 78 Ni. This behavior is referred to as the concept of mutual support of magicities [37] . Besides the kink along the Ni isotopic chain, a large gap can be noticed in Fig. 3 between the half-lives of Co and Ni isotopes from N ¼ 44 to N ¼ 50. According to the shell model calculation in Ref. [38] , the main contribution to the β decay A 27 Co → A 28 Ni is either the Gamow-Teller (GT) transition νf 5=2 → πf 7=2 or the FF transition νg 9=2 → πf 7=2 . These transitions, however, are greatly hindered in the β decay A 28 Ni → A 29 Cu because of the fully occupied πf 7=2 SPO inferred from the proton single-particle levels. In the latter case, the proton produced in a β decay probably fills the πf 5=2 SPO above πf 7=2 , leading to a reduction of Q β value with a magnitude of the Z ¼ 28 shell-gap energy. Because of the fifth-power relation, a gap is expected between the half-lives of Co and Ni isotopes, which agrees with the observation in Fig. 3 . The newly measured halflives of 76;77 Co follow the decreasing trend with considerable gaps relative to the corresponding Ni isotones, indicating an almost constant Z ¼ 28 shell gap without significant quenching up to N ¼ 50. This conclusion is corroborated by the comparison between the half-lives of N ¼ 50 isotones and several theoretical calculations shown in Fig. 4 . Models include (1) the FRDM þ QRPA model [32] , in which the half-lives were calculated by the FRDM mass model in conjunction with the GT transition strength given by a quasiparticle random-phase-approximation (QRPA) and the FF transition strength predicted by a statistical gross theory; (2) the KTUY þ GT2 model, i.e., the KTUY mass formula [39] combined with the second generation of gross theory (GT2) of the GT and FF transitions [40] ; and (3) the shell model taken from Ref. [38] , which considers both the GT and FF transitions outside a 48 Ca core. As shown in Fig. 4 , the step-shape evolution at Z ¼ 28 is reproduced by all the models. In particular, the shell model provides the best agreement to the experimental data, and it predicts a proton shell-gap energy about 5 MeV between the πf 7=2 and πf 5=2 SPOs in the calculation.
In summary, the β-decay half-lives of 76;77 Co, 79;80 Ni, and 81 Cu are measured in this work. A sudden shortening of half-lives of the nickel isotopes is noticed beyond N ¼ 50, which is not a strong effect in other isotopic chains from Cu to Ga. Besides, the half-life gap between Co and Ni isotopes, which was previously observed at N ≤ 48, is found to persist up to N ¼ 50. With the help of preexisting models, the gross property of half-life evolution suggests a doubly magic character of the neutron-rich nucleus 78 Ni. Improving half-life calculations based on the new results is beyond the scope of this Letter, but will be discussed in a follow-up article. To unambiguously verify the magicity of 78 Ni and comprehensively understand the shell evolution in exotic nuclei, future experimental studies such as mass measurement, γ-ray spectroscopy, and P n measurement are strongly desired and encouraged in this region. Half-life (ms) [35] ( 78 Ni, 80 Zn, 81 Ga, 82 Ge, and 83 As). Theoretical models are explained in the main text.
